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Recently, polybenzimidazole (PBI) membranes crosslinked with dibromoxylene (DBX) were shown to
retain their molecular separation performance in the harsh conditions characteristic of organic solvent
nanoﬁltration (OSN). This work is focused on better understanding of the crosslinking reaction between
PBI and DBX, and ﬁnding the parameters important for achieving higher degrees of crosslinking. A
statistical approach based on Design of Experiments was used to identify the most signiﬁcant parameters
and interactions affecting the crosslinking reaction. High gain in weight and high bromine content after
the reaction are expected to be indirectly related to membranes with high crosslinking degrees. Hence,
these two responses were measured as a function of reaction temperature, reaction time, excess of DBX,
concentration of DBX and reaction solvent (acetonitrile and toluene). All parameters were found to have
a positive effect on both responses, and the reaction was found to be faster in acetonitrile than in toluene.
All obtained results were statistically evaluated using Analysis of Variance, and a physical interpretation
of the statistical models was attempted.
& 2015 Elsevier B.V. All rights reserved.1. Introduction
Liquid separation techniques play a key role in pharmaceutical
and chemical processes, which also makes them a very attractive
ﬁeld for research and improvement. In the past decade organic
solvent nanoﬁltration (OSN) has turned from an emerging mem-
brane-based separation process into a proven and competitive
separation process that can easily be implemented in already ex-
isting production lines [1,2]. Nevertheless, OSN is still facing sev-
eral issues that need to be overcome for wider implementation
[1,3]. Among them is the membrane stability in harsh organic
solvents. Research on this challenge has been focused on ﬁnding
new suitable materials [4,5] or improving existing ones [6–12]
mainly based on knowledge from other membrane processes, e.g.
aqueous nanoﬁltration (NF), reverse osmosis (RO) and gas se-
paration. The most simple and effective way to achieve chemical
stability is crosslinking the polymer. This method has been studied
extensively for polyimide-based OSN membranes [6,13,14]. Re-
cently, crosslinked and uncrosslinked polybenzimidazole (PBI)
membranes have been shown to be suitable for OSN [15–18]. Xing
et al. [15] reported PBI membranes phase inverted from an ionicivingston).liquid and subsequently crosslinked with 1,2,7,8-diepoxyoctane
(DEO) in order to obtain a membrane stable in dimethyl sulfoxide
(DMSO). Valtcheva et al. [16] reported on the fabrication of PBI
membranes crosslinked with α,α′-dibromo-p-xylene (DBX) which
exhibited superior chemical stability in N,N-dimethylformamide
(DMF) and high concentrations of acids and bases as compared to
other polymers typical for OSN. Further, they showed that cross-
linked PBI membranes had reproducible performance from batch
to batch. The use of PBI membranes crosslinked with DBX has
already been reported for OSN membrane cascades [19–21], where
the problem of insufﬁcient membrane separation capability was
addressed.
However, there is still little available information in literature
about the crosslinking reaction between PBI and alkyl halides, and
its effect on membrane separation. Information on crosslinking is
essential for the development and scale up of PBI membranes. It is
also of interest because the greater the extent of crosslinking, the
more chemically robust the resulting membranes. Finally, there
are few reports on the crosslinking of solid phase membranes by
liquid phase reagents: yet as alluded to above this is an essential
tool in rendering polymer membranes stable in organic solvent
processes. Hence, the aim of the study is to investigate the me-
chanism of the crosslinking reaction and the parameters which
affect it. To the best of our knowledge, there are no studies on PBI
membranes crosslinked using alkyl halides for the application in
Fig. 1. Proposed reaction between PBI and DBX. A salt complex is formed between
the Br from DBX and the N of the imidazole ring of PBI.
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at the PBI backbone. Also, the only parameter which was ad-
dressed in previous work is the reaction time [22,23]. Wang et al.
[23] reported on α,α′-dichloro-p-xylene crosslinked PBI NF
membranes for separation of electrolytes and puriﬁcation of ce-
phalexin from aqueous solutions. They studied the effect of
crosslinking time on the separation performance of the mem-
branes and found that with increasing crosslinking time the ef-
fective pore sizes of the membranes were decreasing. Hence, a
better separation was achieved. Another study by Wang et al. [22]
showed an enhanced salt selectivity and water permeance with
increasing crosslinking time for water recovery using forward
osmosis.
The crosslinking reaction between PBI and DBX is an electro-
philic alkylation reaction (Fig. 1). This type of reaction has been
reported for imidazole and benzimidazole alkylations with alkyl
halides [24–26]. The electrophillic attack occurs at the multiple
bonded nitrogen (N3) as shown in the ﬁrst step of the reaction
(Fig. 1) and gives a protonated N-alkyl-imidazole moiety (2) which
is unstable and in a second step loses the hydrogen to unreacted
imidazole (acting as a base). The compound (3) which is then
formed can undergo further alkylation and can give a di-sub-
stituted imidazole moiety (4). Hence, these reactions give a mix-
ture of compounds (2), (3) and (4). It has been suggested that the
formation of compound (4) is favoured when an excess of alky-
lating agent is present and can be formed directly from imidazole
[27].
Often, imidazole and benzimidazole are treated with a base
such as NaH or LiH prior to addition of the alkylating agent to
allow the deprotonation of N1 in the imidazole ring and then
subsequent formation of compound (3). Hu et al. [28] reported on
the synthesis of mono- and di-substituted polybenzimidazoleusing iodomethane in N-methylpyrrolidone (NMP). They obtained
90% mono-substituted PBI (compound (3) where RX¼CH3I in
Fig. 1) by ﬁrst deprotonating N1 with LiH, followed by equimolar
addition of iodomethane at room temperature. Addition of excess
iodomethane to deprotonated PBI at 80 °C yielded 100% substitu-
tion at N1 and 30% substitution at N3. This product was further
methylated (N3 substitution was 90%) by addition of excess iodo-
methane in DMSO. Recently, Thomas et al. [29] and Jheng et al.
[30] prepared quaternised polybenzimidazolium salts as materials
for anion conducting membranes using the same procedure as
described in [28].
In this study, the crosslinking reaction between PBI and DBX
was performed without the use of a base to deprotonate the
imidazole N1. The aim was to investigate the crosslinking reaction
itself as well as the parameters which affect it. Five essential
parameters were chosen: reaction time, reaction temperature,
excess of crosslinker to polymer, concentration of crosslinker and
reaction solvent. The samples prepared by crosslinking PBI and
DBX were compared for chemical composition, changes in weight
and thickness, and ﬁltration performance. In order to identify the
relevant parameters and their interactions, a statistical analysis
based on Design of Experiments (DoE) was used. DoE is a sys-
tematic approach for evaluating cause and effect relationships,
with the ﬁnal goal of understanding and optimising a process [31].
The conventional approach, based on studying the effects of op-
erating parameters by varying one factor at a time, would be in
fact very inefﬁcient for a complex system, such as the one pro-
posed in this study. Furthermore, DoE allows the simultaneous
variation of all factors, randomisation and replication of experi-
ments. This approach is time and cost efﬁcient as it works with a
reduced number of experiments. Also, the experimental error can
be isolated from the data by randomising and replicating the ex-
periments. Another advantage of using this method is the possi-
bility to optimise a process by choosing to minimise the working
parameters without compromising the values of the responses.
Such an optimisation will help in reducing production costs and
waste. Although this approach has clear advantages, so far there
are only few publications available in the ﬁeld of membrane sci-
ence regarding process development and optimisation [32–35] as
well as membrane development and optimisation [36,37], which
report an application of Design of Experiments.2. Experimental
2.1. Materials
Celazoles S26 polybenzimidazole in N,N-dimethylacetamide
(DMAc) solution, containing 26 wt% PBI solids and 1.5 wt% lithium
chloride, was purchased from PBI Performance Products Inc. (USA).
Non-woven polypropylene (PP) support fabric Novatexx 2471 was
supplied by Freudenberg Filtration Technologies (Germany).
Acetonitrile (MeCN), DMAc and propan-2-ol (IPA) were HPLC
grade from VWR (UK) and used as received for membrane fabri-
cation and ﬁltrations. The crosslinking agent was α,α′-dibromo-p-
xylene (DBX), purchased from Sigma-Aldrich (UK). Polyethylene
glycol (400 g mol1, PEG400), used for membrane impregnation,
was from VWR (UK). Polystyrene (PS) oligomers of different mo-
lecular weights (PS580 and PS1300) were purchased from Agilent
(UK) and used for membrane performance characterisation.
2.2. Design of Experiments (DoE)
The crosslinking reaction between PBI and DBX was analysed
using statistically designed experiments to allow the variation of
more than one parameter at a time and hence, allowing for fewer
Table 1
Summary of the parameters, their coding and levels used to evaluate the cross-
linking reaction between PBI and DBX, using the DoE approach.
Factor Name (unit) DoE levels
1 0 þ1
A Temperature (°C) 50 65 80
B Time (h) 0.5 12.25 24
C Excess of crosslinker to polymer
(dimensionless)
2:1 11:1 20:1
D Concentration of crosslinker (wt%) 1 3 5
E Solvent (dimensionless) Acetonitrile N/A Toluene
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one-factor-at-a-time approach. Design Experts version 8 from
Stat-Ease Inc. (USA) was used to obtain the values for each para-
meter for each set of crosslinked membranes. A linear 2-level
factorial design was chosen as this type of design enables
screening through a set of parameters and ﬁnding the signiﬁcant
ones. The design was made for 5 essential reaction parameters
(temperature, time, molar excess of DBX in regards to PBI, con-
centration of DBX and reaction solvent) which were varied over
two levels (Table 1). The levels were coded as 1 for the minimal
value of a factor and þ1 for the maximal value.
A resolution V 2-level fractional factorial experiment (FRFE)
was chosen as this would allow for identiﬁcation of all main
parameters and two-factor interactions, as three-factor interac-
tions or higher are less likely to occur. The ﬁrst-order mathema-
tical model obtained by using FRFE designs is described as:
Y b b X b X X 1i
k
i i i j
k
ij i j0 ,
∑ ∑^ = + + ( )
where Ŷ represents the response value, bi and bij are regression
coefﬁcients of single factor effects and double factor interaction
effects, respectively, and Xi and Xj are independent parameters.
These settings resulted in 16 experimental runs. Further, the
combination of centre point values (level 0) for each parameter
was prepared 3 times in order to estimate the pure error of the
experiments as well as obtain information about the presence of
curvature (i.e. non-linearity) in the model. The reaction solvent
parameter (factor E in Table 1) was used as a categorical factor.
This resulted in 3 centre points per solvent. Considering this, the
total number of experimental runs to be carried out was 22 for the
fractional factorial design. Two responses were measured after the
crosslinking reaction and then analysed with the Design Expert
software – percentage gain in weight of the membrane after the
reaction (%WG) and the bromine (Br) content of the membrane
after the reaction (%Br). Once all responses were collected, the
accuracy of the linear model was validated by analysing the R2
value, the lack-of-ﬁt and the curvature using Analysis of Variance
(ANOVA). The analysis showed a signiﬁcant curvature, which in-
dicated a possible non-linearity in the model. This means that the
ﬁrst-order dependence for all main effects could be insufﬁcient to
describe the relationship between them. Hence, an augmentation
to a quadratic surface response model was necessary with second-
order dependence for the main effects. This model has the fol-
lowing mathematical description:
Y b b X b X b X X 2i
k
i i i
k
i i i j
k
ij i j0 1, 2,
2
,
∑ ∑ ∑^ = + + + ( )
The consequence of this extension was the need for 13 addi-
tional experimental runs. The total number was therefore 35.
2.3. Membrane fabrication and post-treatment
Membranes were cast from 17 wt% PBI/DMAc dope solution on
a PP support fabric, followed by phase inversion in deionisedwater, as reported elsewhere [16]. Upon withdrawal from the
water bath the membrane sheets were washed with IPA and cir-
cles with 20.4 cm2 areas were cut out and stored in IPA prior to
crosslinking. A total of ﬁve parameters of the crosslinking reaction
were investigated – temperature, time, molar excess of DBX in
regards to PBI, concentration of DBX and reaction solvent. Two
20.4 cm2 membrane pieces were used for each crosslinking set,
one was vacuum dried and the other one was kept wet. After each
reaction the two membrane discs were washed with IPA until no
UV activity of the wash liquid was observed and therefore, en-
suring complete removal of excess crosslinking reagents. Finally,
the wet membrane sample was impregnated with PEG400 in a
solution of PEG400/IPA (1:1) for 4 h and used to obtain perfor-
mance data. The dried sample was used to estimate the weight of
the membrane before and after the reaction, as well as the content
of Br in the polymer matrix.
Out of all 35 samples, 6 samples were crosslinked after peeling
off the polymer layer from the backing as the reaction volume
necessary for the combination of parameters was too small to
accommodate the rigid membrane disc.
2.4. Measurement of the responses
2.4.1. Percentage weight gain of polymer
The percentage weight gain of polymer (%WG) was chosen as
one of the responses of interest as it can give information about
the extent of reaction and it is easy to measure. It is speculated
that the addition of crosslinker to the PBI backbone and formation
of quaternary polybenzimidazolium salt will result in considerable
weight gain that can be measured accurately with an analytical
balance. The MW of one PBI unit is 308.4 g mol1 and the one of
the crosslinking molecule DBX is 264 g mol1. The reaction be-
tween them proceeds as shown in Fig. 1.
The %WG of the membrane is essentially the ratio of the weight
gain of the membrane after the reaction over its initial weight in
percent.
M M
M
%WG 100 %
3
PBI DBX
after reaction
PBI
before reaction
PBI
before reaction
= − * ( )
( )
+
where MPBI
before reaction and MPBI DBX
after reaction
+ represent the weight of PBI
polymer experimentally measured before reaction and after re-
action, respectively.
For the calculation, the weight of the membrane was taken
including the weight of PP backing after the sample was vacuum
dried for at least 4 h. The weight of the PP backing was then
subtracted from the value to obtain the weight of the polymer
itself. Three 20.4 cm2 samples of PP were used to measure their
weight, resulting in a constant value of 0.178 g. As the PP is not
participating in the reaction, it can be expected that all the weight
gain of the sample will be in the PBI matrix. This was conﬁrmed by
inserting PP discs in the reaction solution and recording their dry
weight before and after.
2.4.2. Percentage bromine content in polymer
The percentage bromine content in polymer (%Br) was the
second response analysed using the DoE approach. The Br content
in the polymer was measured via elemental microanalysis using
an Exeter Analytical EA-440 instrument. This instrument mea-
sured also the content of carbon (C), nitrogen (N) and hydrogen
(H). To evaluate the accuracy of the elemental analysis, several
samples from the same membrane were analysed. The results
showed consistent Br content, but were less accurate for the
analysis of C and H. This was most likely due to sample prepara-
tion, as the polymer was carefully peeled off the PP backing and
dried prior to analysis. Unfortunately, it was noticed that small
Fig. 2. Rejection and permeance of PS/MeCN in crossﬂow after 24 h for 17 wt%
uncrosslinked PBI membranes and 17 wt% uncrosslinked PBI membranes heated in
acetonitrile.
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content from sample to sample varied signiﬁcantly. Nevertheless,
the analysis for Br proved to be a useful parameter to evaluate the
reaction. The value of this response is given in wt% with respect to
the sample weight.
2.5. Membrane performance and analysis
All samples prepared according to the designed experimental
run sheet (shown in Tables S1 and S2 in the Supplementary ma-
terial) were also tested for their rejection and permeance using a
solution containing 1 g L1 PS oligomers of two average MW
ranges (580 g mol1 and 1300 g mol1) dissolved in acetonitrile
[38]. The samples prepared as DoE run numbers 10, 13, 14, 20, 23
and 26 (Tables S1 and S2) were not tested, as these were the
samples reported to above where the polymer layer was removed
from the backing prior to the crosslinking reaction (Section 2.3). A
rig equipped with crossﬂow cells was employed for testing
membrane performance, as described elsewhere [16]. The effective
membrane area in the cell was 14 cm2. Pressure was set at 10 bar,
temperature was kept at 30 °C and the crossﬂow pump ﬂow rate
was 100 L h1. Rejection Ri and permeance B were calculated
using Eqs. (4) and (5), respectively,
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟R
C
C
1 100 %
4
i
p i
f i
,
,
= − · ( )
( )
B
V
A t p
L m h bar
5
2 1 1=
· ·∆
( )
( )
− − −
where Cp,i and Cf,i represent the concentration of solute i in the
permeate and the feed, respectively and V is the collected
permeate volume, A – the effective membrane area, t – the time
and Δp – the applied trans-membrane pressure. The volume col-
lected for permeate and feed samples was 1.5 mL. The samples
were left in a fume cupboard to allow complete evaporation of
acetonitrile. The PS remaining in each vial was then re-dissolved in
0.3 mL DMF [38]. The samples were analysed using an Agilent
HPLC coupled with a UV/vis detector set a wavelength of 264 nm.
A reverse phase Phenomenex column (C18-300,
250 mm4.6 mm) was used and the mobile phases were THF
and DI water, both buffered with 0.1% triﬂuoroacetic acid (TFA).
The HPLC pump was operated at 0.7 mL min1 and the tempera-
ture of the column was kept at 30 °C.
Small pieces of all crosslinked membranes, prepared for the
study, were dried in vacuum and their total weight was measured
and recorded. The samples were then immersed in pure DMAc and
kept in the solvent for two weeks at 21 °C. After this time, the
membrane pieces were withdrawn from the solutions, washed
thoroughly with water and dried in vacuum. Their weight was
measured again and compared to the initial value.
2.6. Thickness measurement of polymer layer
Approximate values for the thickness of the polymer layer were
measured from SEM images using an imaging software (ImageJ
version 1.47) by choosing the longest part of the cross section. Six
samples prepared for the DoE were selected for this measurement,
three from each reaction solvent where the %WG and %Br were
low, intermediate and high, respectively. As a control, an un-
crosslinked membrane sample was also evaluated. The samples
were prepared for SEM by carefully peeling off the PBI layer from
the PP backing and pasting it vertically onto SEM holders. The
samples were then sputtered with chromium in an argon atmo-
sphere (Emitech K575X coater) to achieve the necessary con-
ductivity. The microscopic analyses were performed at 5 kV in ahigh resolution SEM (LEO 1525 from Karl Zeiss).3. Results and discussion
3.1. Preliminary experimental results
The ﬁrst step before actual data collection was to ensure that
the chosen methodology will give an insight into the reaction
without compromising the accuracy of the results. For this reason
two experiments were used. The ﬁrst one was to check whether
heating the membranes in the reaction solvent will result in
changes to their performance. Three pieces of different membrane
sheets with the same polymer concentration of 17 wt% PBI were
inserted in pure MeCN and were left at 80 °C for 24 h. The rejec-
tion and permeance were tested in crossﬂow cells along with
three pieces of uncrosslinked 17 wt% PBI membranes which were
not in contact with boiling MeCN (Fig. 2).
Fig. 2 shows that uncrosslinked 17 wt% PBI membranes have no
retention of PS in the NF range. Also, the same type of membrane
heated in MeCN followed the same retention proﬁle as the non-
heated one. However, the heated membrane presented a two-fold
increase in permeance. It can be concluded that any change of PS
rejections was only due to the DBX crosslinker, and the effect of
annealing of the membrane in the reaction solvent played no role
on the membrane selectivity.
The second experiment conducted before the DoE data collec-
tion was to conﬁrm the presence of Br in the membrane after
crosslinking. In order to do so, the DBX crosslinker was exchanged
with benzyl bromide (BB). This molecule has only one Br site as
compared to DBX. In this way, it is possible to conclude that any Br
present in the membrane after the reaction is only due to the
formation of a Br salt at the imidazole ring of PBI (Fig. 3 for sim-
plicity only the benzimidazole moiety is shown). The reaction was
performed as described in Section 2.3 and 1:2 molar ratio of PBI:
BB was used.
Membrane samples from this reaction were tested for Br with
elemental microanalysis along with samples from uncrosslinked
and unmodiﬁed PBI membranes. To ensure that no residual BB was
trapped unreacted in the membrane, the membranes were washed
thoroughly with MeCN until no UV active compounds were de-
tected in the wash solvent (benzyl ring absorbs at λmax¼245 nm).
The results in Table 2 conﬁrm the presence of Br in the membranes
modiﬁed with BB. The calculated value for Br content for fully
quaternised PBI backbone is 19.24 wt% and thus, around 84% of the
PBI backbone was di-substituted.
The Br analysis becomes more complicated when a bifunctional
compound, such as DBX, is used. The reaction between PBI and
DBX could have Br present in the membrane matrix under two
Fig. 3. Expected reaction between PBI and BB (molar ratio of 1:2).
Table 2
Results from elemental microanalysis for the presence of Br in unmodiﬁed and
modiﬁed PBI membranes.
Membrane code Experimental Br con-
tent (wt%)
Theoretical Br con-
tent (wt%)
17UX (uncrosslinked PBI
membrane)
40.03 0
17BB (modiﬁed PBI
membrane)
16.07 19.24a
a Value calculated for fully di-substituted benzimidazole moiety (see Fig. 3).
Table 3
Statistical analysis of the linear models for percentage weight gain and percentage
bromine content using ANOVA.
Percentage gain in
weight, %WG
Percentage Br content,
%Br
Response transformation %WG0.5 None
Lack-of-ﬁt p-value 0.6044 0.7541
R2 0.8788 0.8481
Adjusted R2 0.8409 0.7873
Predicted R2 0.7994 0.7395
Curvature Signiﬁcant Signiﬁcant
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of DBX and the other is Br under ionic form from the formation of
quaternary salts. Elemental microanalysis is not capable of dis-
tinguishing these two forms. Nevertheless, it can be assumed that
any Br present in the membrane samples is due to successful
modiﬁcation or crosslinking of the PBI backbone and can be used
to monitor how well the reaction proceeds.
3.2. Analysis of inﬂuencing factors using DoE
A basic linear FRFE was created by selecting ﬁve essential
parameters and setting their minimum and maximum levels (Ta-
ble 1). The conditions for each DoE run and its corresponding %WG
and %Br are summarised in Table S1. The values for %WG vary
between 2% and 46% and the ones for %Br between 1.64 and
19.75 wt%.
The ﬁnal equations in terms of coded factors for the statistical
model for %WG and %Br are given by Eqs. (6) and (7), respectively.
A transformation of the %WG response to %WG0.5 was suggested
by ANOVA to improve the normal distribution of the residuals. The
analysis of designed experiments is best carried out using coded
factors. This enables the use of a common scale for each factor,
typically 1 and þ1 corresponding to minimum and maximum of
the actual values, respectively. In the coded equation, the coefﬁ-
cient of a factor is the change in the response as the associated
factor is changed by one coded unit.
%WG 4. 39 0. 48 A 1. 07 B 0. 24 C 0. 65 D
0. 55 E 6
0.5 = + * + * + * + *
− * ( )
%Br 12.00 2.18 A 4.63 B 0.07 C 1.74 D 1.63 E
0.75 C D 7
= + * + * − * + * − *
+ * * ( )
Eqs. (8a) and (8b) represent the model for %WG in terms of
actual factors for reactions in acetonitrile and in toluene,
respectively.
Reaction in acetonitrile:
%WG 0.478 0.032 Temperature 0.091 Time
0.026 Excess of DBX 0.324 Concentration of DBX 8a
0.5 = + * + *
+ * + * ( )
Reaction in toluene
%WG 0.632 0.032 Temperature 0.091 Time
0.026 Excess of DBX 0.324 Concentration of DBX 8b
0.5 = − + * + *
+ * + * ( )
Eqs. (9a) and (9b) represent the model for %Br in terms of ac-
tual factors for reactions in acetonitrile and in toluene,respectively.
Reaction in acetonitrile:
%Br 1.781 0.145 Temperature 0.394 Time
0.134 Excess of DBX 0.407 Concentration of DBX
0.042 Excess of DBX Concentration of DBX 9a
= − + * + *
− * + *
+ * * ( )
Reaction in toluene
%Br 5.033 0.145 Temperature 0.394 Time
0.134 Excess of DBX 0.407 Concentration of DBX
0.042 Excess of DBX Concentration of DBX 9b
= − + * + *
− * + *
+ * * ( )
It is interesting to note that Eqs. (8a) and (8b) are only different
in terms of the coefﬁcient b0 (see Eq. (1)). The fact that the other
regression coefﬁcients are the same means that the effect of the
other factors (A–D) on the response is not dependant on the sol-
vent. However, the change in b0 in the two models means that the
solvent itself has an effect on the response. This was also clear in
Eq. (6), where the factor E was found to have a negative effect on
the response. This result means that changing from acetonitrile
(level 1) to toluene (level þ1) had an adverse effect on the re-
sponse. In Eqs. (8a) and (8b), it is clear that this effect only means
that using acetonitrile as reaction solvent yields a higher value of
the %WG response than toluene. The same consideration holds for
Eqs. (9a) and (9b).
The performance of the model was analysed using ANOVA in
terms of correlation coefﬁcients R2, lack-of-ﬁt of the model and
detection of possible curvature in the linear model. The coefﬁ-
cients of correlation for %WG and %Br are summarised in Table 3.
The lack-of-ﬁt p-value above 0.05 (signiﬁcance level) suggests that
lack-of-ﬁt of the model is not signiﬁcant relative to the pure error.
While R2 only gives information about how well the model ﬁts the
experimental data, the modiﬁed version of R2 is adjusted to the
number of variables in the model and its value would only in-
crease if a new variable improves the model. The predicted R2 is a
measure of how well the model will predict new data and also
indicates an over-ﬁt of the model due to too many variables. The
predicted R2 value is in reasonable agreement with the adjusted
R2, which indicates that the model is not over-ﬁtted.
A signiﬁcant curvature was detected for both models, which
means that a quadratic model might be a better ﬁt for describing
the responses. The second-order model was obtained by using a
response surface model (RSM). The conditions and measured re-
sponses for these experiments can be found in Table S2. Including
the new results, the values for %WG vary between 2% and 46 % and
the ones for %Br between 0.94 and 19.74 wt%. The performance of
the quadratic models obtained using RSM was compared with the
linear models using ANOVA. The analysis is summarised in Table 4.
It is interesting to note that for the %WG response both, linear
and quadratic, models were suggested by ANOVA. The lack-of-ﬁt
p-value for both models is above the signiﬁcance level of 0.05
which is desired for a good description of the experimental data.
The quadratic model seems to give a better ﬁt to the data as its R2
Table 4
Comparison of statistical performance of linear and quadratic model for %WG and %Br.
Response Model Lack-of-ﬁt p-value R2 Adjusted R2 Predicted R2
%WG Linear 0.1821 0.8474 0.8202 0.7788 Suggested
Quadratic 0.2217 0.9378 0.8535 0.4680 Suggested
%Br Linear 0.0241 0.8175 0.7850 0.7308
Quadratic 0.3539 0.9782 0.9487 0.4821 Suggested
Quadratic corrected 0.4222 0.9631 0.9513 0.9289
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R2 value in the case of the quadratic model is negative which
means that this model is over-ﬁtted and will not accurately predict
new data. Hence, the linear model was kept to describe this re-
sponse and the ﬁnal equations in terms of coded and actual factors
are Eq. (10) and Eqs. (11a) and (11b), respectively. The best de-
scription of the response %Br is suggested to be with the quadratic
model. There is non-signiﬁcant lack-of-ﬁt and the high R2 value
implies a good ﬁt of the model to the experimental data. However,
this model is over-ﬁtted as the predicted and adjusted R2 values
are not in reasonable agreement. Hence, the insigniﬁcant para-
meters and interactions were selected and removed based on their
p-values obtained from ANOVA, i.e. model terms with p-values
greater than 0.05 (signiﬁcance level) were considered insignif-
icant. The new predicted and adjusted R2 values were found to be
in good agreement (last row in Table 4). The ﬁnal equations, de-
scribing the response %Br, in terms of coded and actual factors are
Eq. (12) and Eqs. (13a) and (13b), respectively.
%WG 4. 52 0. 46 A 1. 05 B 0. 30 C 0. 58 D
0. 52 E 10
0.5 = + * + * + * + *
− * ( )
Reaction in acetonitrile:
%WG 0.700 0.031 Temperature 0.089 Time
0.034 Excess of DBX 0.292 Concentration of DBX 11a
0.5 = + * + *
+ * + * ( )
Reaction in toluene
%WG 0.333 0.031 Temperature 0.089 Time
0.034 Excess of DBX 0.292 Concentration of DBX 11b
0.5 = − + * + *
+ * + * ( )
%Br 14.16 2.08 A 4.62 B 0.03 C 1.86 D 1.86 E
0.61 C D 5.40 B 1.69 C 122 2
= + * + * + * + * − *
+ * * − * + * ( )Fig. 4. Normalised effects of inﬂuencing parameters (A-temperature, B-time, C-exces
B2-quadratic term of B, C2-quadratic term of C) on percentage gain in weight (%WG) anReaction in acetonitrile:
%Br 2.859 0.139 Temperature 1.351 Time
0.558 Excess of DBX 0.553 Concentration of DBX
0.034 Excess of DBX Concentration of DBX
0.039 Time 0.021 Excess of DBX 13a2 2
= − + * + *
− * + *
+ * *
− * + * ( )
Reaction in toluene
%Br 6.581 0.139 Temperature 1.351 Time
0.558 Excess of DBX 0.553 Concentration of DBX
0.034 Excess of DBX Concentration of DBX
0.039 Time 0.021 Excess of DBX 13b2 2
= − + * + *
− * + *
+ * *
− * + * ( )
The importance of the effect of each parameter on the response
is represented by the normalised effect. This is the coefﬁcient for
the associated model parameter in terms of coded factor units
(Eqs. (10) and (12)). For better comparison, these are shown gra-
phically in Fig. 4.
The importance of each factor and its positive or negative effect
on the response can be deduced from Fig. 4. The reaction time
(factor B) was found to have a strong positive contribution to the %
WG and %Br of the membrane. This is in agreement with previous
reports on the effect of crosslinking time which have shown that
longer reactions result in increased densiﬁcation of the membrane
pores due to higher crosslinking density [13,23,22,39]. This effect
has been attributed to the way the reaction between the polymeric
matrix and crosslinker occurs [23], i.e. the reaction starts at the
membrane outer surface and proceeds then in the inner part of the
membrane. The latter may be limited by diffusion of the cross-
linker into the polymer and hence, longer time is required for the
reaction to take place there. Interestingly, the quadric term of the
reaction time (B2) had a strong negative effect on the response %Br
(Fig. 4). This effect, coupled with the positive effect of time, meanss of DBX, D-concentration of DBX, E-solvent, C*D-interaction between C and D,
d percentage Br content (%Br).
Table 5
Properties of solvents and PBI used to describe the polymer–solvent interactions.
HSPa (MPa1/2) DKb (dimensionless) Temp. (°C) Viscosityb (cP) Molar volumeb (cm3 mol1)
Acetonitrile 24.1 37.5 50 0.2745 54.6
65 0.2409 55.8
80 0.2128 57.2
Toluene 18.4 2.4 50 0.4256 114.5
65 0.3686 116.4
80 0.3210 118.7
PBI repeat unit 25.0 N/A N/A N/A
a Values of Hansen solubility parameter (HSP) for solvents taken from [46] and for polymer calculated using the group contribution method (see Supplementary
material).
b Values taken from [47].
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which the time factor will not change the response or will inﬂu-
ence it negatively. In terms of the reaction, it can be deduced that
the increase in crosslinking became negligible as the reaction time
increased beyond a certain point as a polymer degradation or re-
versibility of the reaction is not expected. The second-order model
obtained for %Br was able to predict this phenomenon.
A positive effect of temperature (factor A) on both responses is
expected as increasing the temperature generally leads to higher
crosslinking degrees [40,41]. This is due to the fact that higher
temperatures increase the mobility and kinetic energy of partici-
pating molecules and hence, the reaction rate increases too. Fur-
thermore, the viscosity of the reaction solvent decreases sig-
niﬁcantly at elevated temperatures (Table 5) and thus, better dif-
fusivity of the molecules leads to faster reaction rates. Also,
heating has been shown to promote N-alkylation of imidazoles
and formation of quaternary imidazolium salts [27]. Fig. 5 shows
the change in %Br with temperature and time. It can be seen, that
the value of the response increased as time was kept constant and
temperature increased. The same effect was observed for the %WG
response (not shown here).
Changing the reaction solvent (factor E) from acetonitrile to
toluene, coded as 1 and þ1, respectively, resulted in a negative
effect on both responses (Fig. 4). The physical meaning behind this
is that lower crosslinking was achieved in toluene as compared to
acetonitrile. The reason for this observation may be attributed to a
combination of the following explanations: (1) different solvent-
polymer mutual afﬁnities resulting from different solvent prop-
erties and (2) slower reaction kinetics in toluene as compared toFig. 5. Contour graphs showing how the %Br changes in the design space as temperat
performed in toluene. Blue represents low %Br values (0.94 wt%) and red stands for high
legend, the reader is referred to the web version of this article.)acetonitrile. Polymer-solvent mutual afﬁnities are commonly de-
scribed using Hansen solubility parameters (HSP) δ [42,43]. The
difference between the solubility parameter of the polymer and
the solvent, Δδi.j, can be used as a measure of their afﬁnity in
terms of thermodynamic similarities. Low values ofΔδi,j indicate a
good mutual afﬁnity for a given polymer-solvent pair. As can be
extracted from Table 5 the values for ΔδPBI,MeCN and ΔδPBI,Tol are
0.9 MPa1/2 and 6.6 MPa1/2, respectively. Hence, the solubility
parameters predict a better afﬁnity between PBI and acetonitrile
than between PBI and toluene. These theoretical values on inter-
actions between polymer and solvent can be interpreted in terms
of better swelling of PBI in acetonitrile than in toluene. Ogunlaja
et al. [44] have measured the swelling of PBI nanoﬁbers in acet-
onitrile and hexane over time and have shown that PBI had a
swelling ratio of 4.5 in acetonitrile as compared to only 2 in hex-
ane. In other words, PBI has a poor afﬁnity to non-polar solvents
such as toluene. During the crosslinking reaction, a better swelling
of the polymer in the reaction solvent can favour faster permea-
tion of the crosslinker through the membrane and hence, a higher
extent of crosslinking can be achieved in acetonitrile than in to-
luene. Furthermore, from Fig. 5 it can be deduced that the reaction
kinetics in toluene are slower than in acetonitrile, i.e. the same
value of the response is achieved at longer reaction time in toluene
as compared to acetonitrile at constant temperature. The cross-
linking reaction between PBI and DBX is an electrophillic alkyla-
tion reaction and it has been shown previously that these types of
reactions have faster kinetics in polar aprotic solvents [45] as is
acetonitrile in this case. Other polar aprotic solvents with large
dielectric constants (DK) include DMF and DMSO. However, theseure and time are changed. (a) reaction performed in acetonitrile and (b) reaction
%Br values (19.75 wt%). (For interpretation of the references to colour in this ﬁgure
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mer. Overall, acetonitrile is a more suitable solvent than toluene
due to its high polarity, low viscosity and low molar volume
(Table 5).
The last two factors – concentration of DBX (factor D) and ex-
cess of DBX (factor C) – both have a positive effect on the %WG
response (Fig. 4). However, in the second-order model for the re-
sponse of %Br two more terms appeared – an interaction term
between the concentration and the excess of DBX and a quadratic
term of the excess of DBX (Fig. 4). Although, the excess of DBX on
its own had no signiﬁcant effect on the response, the appearance
of an interaction term between excess and concentration of DBX
means that their combined change had a more pronounced posi-
tive effect on the change of %Br than the positive effect from the
additive change of the single variables. Furthermore, the quadratic
term of the DBX excess adds an even more pronounced positive
effect on the response. This is expected, as increasing concentra-
tion and excess of a reagent results in faster reaction rates. Also, it
has been shown previously that the addition of excess alkylating
agent promotes the formation of quaternary polybenzimidazolium
salts [27,28].
As the statistical analysis showed, the reaction time had the
most pronounced effect on increasing the values of the responses.
Thus, it was speculated, that increasing the reaction time beyond
24 h while keeping all other parameters at their maximum level
and using acetonitrile, higher yields could be reached. The reaction
time was varied between 15 min and 5 days and the membranes
were again tested for %WG and %Br (Fig. 6).
It was found that the change in %Br content is negligible with
increasing time after 12 h (Fig. 6) as predicted by the second-order
model obtained from DoE (Eq. (12)). On the other hand, the pla-
teau of the %WG response was found to be after 48 h of reaction.
This is outside of the design space used in the DoE and hence, the
model recognised a linear positive effect of the response with in-
creasing time (Eq. (10)). This difference could be due to the dif-
ferent nature of the responses. The %WG reﬂects the weight of the
polymer itself and the weight of the crosslinker attached to the
backbone (either mono- or di-substituted) in its value. Whereas
the value of %Br involves only Br found in the membrane sample
which comes from two sources: (1) formation of poly-
benzimidazolium salts (compound (4) in Fig. 1) due to di-sub-
stitution of the backbone and (2) unreacted DBX sites, i.e. one of
the Br atoms in the DBX molecule has not reacted. The mono-
substituted benzimidazole moiety has no Br present in the struc-
ture (compound (3) in Fig. 1) and is hence, not reﬂected in the
value of %Br. The observed increase in the value of %WG coupledFig. 6. Change in %WG and %Br with increasing reaction time. Conditions of the
reaction were as follow: temperature  80 °C, excess of DBX to PBI – 20:1, con-
centration of DBX – 5 wt% and solvent – acetonitrile. The horizontal lines indicate
after which point in time the measured values of the responses became constant.with the constant value of %Br beyond 12 h of reaction could mean
that only substitution at N3 of the imidazole ring (Fig. 1) is taking
place. The formation of quaternary polybenzimidazolium salts
after 12 h could be limited due to steric hindrance, as the DBX
molecule is bulky. With increasing reaction time the polymer
network becomes denser and the PBI matrix more rigid. Hence,
the diffusion of DBX into the polymer and the formation of di-
substituted benzimidazole moieties is restricted in the conﬁned
space between the PBI chains.
3.3. Membrane performance and analysis
The performance of the membranes was evaluated by crossﬂow
ﬁltrations using PS dissolved in acetonitrile at 10 bar and 30 °C.
Filtrations were performed for 24 h and the PS rejections at the
end of the experiments are reported in Fig. 7.
The graphs in the middle (at 12.25 h of crosslinking) represent
the centre points from the DoE. As can be seen from the data, the
rejections for the centre points are very similar, which means that
the experimental procedure is reproducible. Comparing the per-
formance of the membranes crosslinked in acetonitrile to the ones
crosslinked in toluene, it can be concluded that membranes
crosslinked in toluene are more open or in other words less
crosslinked after 0.5 h reaction whereas membranes crosslinked in
acetonitrile for 0.5 h resulted already in NF membranes. As de-
scribed above, the reaction has better kinetics in acetonitrile than
in toluene. The rejections observed for 12.25 h and 24 h of cross-
linking showed no signiﬁcant differences between acetonitrile and
toluene. The membrane samples were soaked in DMAc for two
weeks and all samples were found to have a negligible weight loss,
except for two samples – run 1 and run 35. The DMAc solutions of
these two samples were found to be yellow which is an indication
that the polymer has dissolved in the solvent and hence, these
samples were not chemically stable. Both samples had the lowest
crosslinking values and it can be deducted, that %WG above 8% and
%Br values above 2.5 wt% are sufﬁcient to obtain chemically stable
membranes.
The performance of the membranes crosslinked in acetonitrile
and constant temperature (80 °C), concentration (5 wt%) and ex-
cess of DBX (20:1) at varied times (from 15 min to 5 days) was also
evaluated. PS rejections and permeances after 24 h ﬁltration of PS/
MeCN at 10 bar and 30 °C are shown in Fig. 8. The rejection data
shows a shift of the MWCO to the left for membranes prepared at
0.25, 0.5, 12 and 24 h, i.e. tighter membranes are obtained due to
higher degrees of crosslinking. However, membranes crosslinked
for 48 h and longer showed no change in rejection curves as
compared to the membrane crosslinked for 24 h, indicating that
further crosslinking had no result on the rejection performance of
PBI membranes. It is interesting to note that the permeance values
for these membranes showed a trend different from that expected.
Typically, high rejections are coupled with low permeances, and
vice versa, low rejections are coupled with high permeances [1].
However, the effect of crosslinking time on the permeance of
crosslinked PBI membranes showed increasing values until an
optimum was reached at 24 h after which the permeance
decreased.
Introducing the DBX crosslinking to PBI membranes renders
them more hydrophilic [16] due to the formation of hydrophilic
quaternary imidazolium salts [29]. This could likely be the reason
for increasing permeance with increasing crosslinking time. Bha-
nushali et al. [48] reported higher permeances for polar solvents
when hydrophilic membranes were used. In addition, Valtcheva
et al. [16] tested crosslinked PBI membranes with different surface
hydrophilicity based on contact angle measurements and found
that the membranes with more hydrophilic surface had higher
permeances in polar solvents than the less hydrophilic ones.
Fig. 7. PS rejection of membranes prepared for DoE analysis – (a) membranes crosslinked with DBX in acetonitrile for 0.5 h, 12 h and 24 h and (b) membranes crosslinked
with DBX in toluene for 0.5 h, 12 h and 24 h. All other crosslinking parameters can be found in Tables S1 and S2 in the Supplementary material. Middle graphs show the
centre points of the design – acetonitrile: runs 4, 5, 9 and 33; toluene – runs 3, 18, 19 and 30.
I.B. Valtcheva et al. / Journal of Membrane Science 493 (2015) 568–579576However, as shown above in Fig. 6, the Br content of the mem-
branes reached a steady value after 12 h of crosslinking whereas
mono-alkylation of the benzimidazole moiety proceeded beyond
this, possibly resulting in denser membranes with lowerFig. 8. Performance of membranes crosslinked with DBX in acetonitrile at constant tem
(from 0.25 to 120 h). PS rejections and permeances are reported after 24 h PS/MeCN ﬁlpermeances. In other words, it is likely that the membrane became
more rigid upon higher crosslinking which resulted in lower
swelling ability and hence, lower permeances. In that range of
porosity, a small increase in the swelling degree could cause anperature (80 °C), concentration (5 wt%) and excess of DBX (20:1) at varied times
trations at 10 bar and 30 °C.
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are not signiﬁcantly modiﬁed. Similar results have been reported
by Vanherck for PI [14] and Musale for chitosan/PAN membranes
[49].
3.4. Thickness measurement of polymer layer
The thickness of the PBI layer was measured in order to ﬁnd
correlations between the analysed responses (%WG and %Br) as
well as the membrane rejection and permeance. The samples
chosen for this were runs 17, 25 and 12 crosslinked in acetonitrile
and runs 1, 8 and 16 – crosslinked in toluene. Their characterisa-
tion can be found in Tables S1 and S2. Uncrosslinked membranes,
both heated and not heated in acetonitrile, were also used as
control membranes. Fig. 9 shows the SEM images of the cross
sections and the relative thickness of the PBI layer.
It can be seen that there is no change in the thickness of the
polymer layer for uncrosslinked membranes upon heating in
acetonitrile (Fig. 9a and b). The images show that the introduction
of the crosslinker into the membrane matrix resulted in mor-
phological changes such as thicker polymer layers and appearance
of ﬁnger-like macrovoids. Clearly, there was a trend in increasingFig. 9. SEM images of cross sections of uncrosslinked and crosslinked PBI membranes
polymer layer thickness is indicated on each image.thickness as the percentage of gain in weight and Br content in-
crease, as also shown in Fig. 10. The MWCO of these membranes
also increased with increasing thickness, although no correlation
was found between permeance and thickness.4. Conclusions
Polybenzimidazole (PBI) membranes were prepared and
crosslinked with dibromoxylene (DBX) in order to analyse the
reaction mechanism and identify the main effects of the reaction
parameters. The proposed mechanism of the reaction was vali-
dated by detecting bromine (Br) in the membranes and thus,
conﬁrming the formation of salt complexes.
The parameters inﬂuencing the crosslinking reaction were in-
vestigated using a Design of Experiments (DoE) approach. The
percentage gain in weight (%WG) and Br content (%Br) of PBI after
the reaction were used as indirect indication of how far the re-
action has proceeded, i.e. higher values of %WG and %Br are likely
associated with higher crosslinking density. Statistical models
were obtained for these two responses as a function of reaction
time, temperature, excess of crosslinker to polymer, concentration, prepared according to the conditions shown in Tables S1 and S2. The estimated
Fig. 10. Increase in PBI membrane thickness with (a) increasing percentage gain in weight and (b) increasing Br content. Thicknesses were measured from SEM images of
membranes and exclude the thickness of the PP support.
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studied parameters showed a positive effect on the responses and
the reaction was found to be faster in acetonitrile as compared to
toluene. Further, the reaction time showed to have the most sig-
niﬁcant inﬂuence on increasing the values of the responses as well
as on changing the membrane performance. However, it was
found that carrying out the reaction beyond 24 h resulted in a
negligible change in MWCO and a negative change in membrane
permeance. Physical interpretation to explain these effects was
attempted.
In conclusion, the results in this study showed that by varying
reaction parameters a range of chemically stable PBI membranes
can be prepared to suit speciﬁc separation needs. Further, the
statistical models can be used to predict which reaction conditions
will maximise the responses at the lowest possible reaction time
or quantity of reagents. This information can be helpful when
scaling up the membranes as it will result in reduced production
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